Introduction {#sec1}
============

Lysosomal storage diseases (LSDs) are a class of more than 50 distinct inherited metabolic diseases caused by deficiency of a particular lysosomal protein, with global incidence of approximately 1 in 8,000 live births.[@bib1] Among LSDs, Mucopolysaccharidosis II (MPS II), also known as Hunter syndrome, is an X-linked recessive disorder,[@bib2] hence girls are affected only rarely. MPS II is caused by a deficiency of iduronate-2-sulfatase (IDS), which is an essential enzyme for the degradation of lysosomal glycosaminoglycans (GAGs), such as heparan sulfate and dermatan sulfate.[@bib2], [@bib3], [@bib4] Loss of IDS activity leads to pathological accumulation of GAGs in most cells in all tissues and organs, resulting in a broad spectrum of symptoms, including coarse facial features, skeletal deformities, joint stiffness, recurrent respiratory infections, hepatosplenomegaly, cardiac failure, renal degeneration, and deafness[@bib1], [@bib2], [@bib3], [@bib4]. Severe forms of the disease are characterized by progressive deterioration of CNS function, manifested as cognitive impairment.[@bib5] There is an ethnic variation in the incidence of MPS II: the numbers reported are 0.13, 0.27, 0.27, 0.31, 0.46, 0.64, 0.71, 0.84, and 1.07 cases per 100,000 newborns in Norway,[@bib6] Sweden,[@bib6] Denmark,[@bib6] Western Australia,[@bib7] Switzerland,[@bib8] Germany,[@bib9] Northern Ireland,[@bib10] Japan,[@bib8] and Taiwan,[@bib11] respectively.

Enzyme replacement therapy (ERT) has been developed for the treatment of LSDs including MPS II.[@bib12] This therapeutic approach depends on the delivery of intravenously injected recombinant enzymes to cell-surface receptors of the affected tissues and organs. Delivery of the intravenously injected lysosomal enzymes to cells employs mainly the cation-independent mannose 6-phosphate receptor (M6PR), which recognizes mannose 6-phosphate (M6P) moieties present on the carbohydrate chains of the enzymes.[@bib13] ERT for MPS II by human IDS (hIDS) has been reported to improve the symptoms, including endurance, joint mobility, pulmonary function, swelling of the liver, and spleen, and to reduce the urinary excretion of GAGs.[@bib14], [@bib15], [@bib16], [@bib17], [@bib18] However, the current ERT for MPS II does not work well in the bone, cornea, and cardiac valves.[@bib19] In addition, a major drawback of this therapy is the inability to prevent or improve CNS manifestations,[@bib14], [@bib15] mainly because the recombinant hIDS cannot be delivered to the brain due to the presence of the blood-brain barrier (BBB).

The BBB is formed by a continuous monolayer of brain capillary endothelial cells, the basement membrane, and astrocytes.[@bib20] Although the tight junctions of the endothelial cells block the passage of large molecules, some endogenous proteins, including insulin, leptin, and transferrin, can cross the BBB through their specific receptors expressed on the luminal side of brain capillary endothelial cells.[@bib21], [@bib22], [@bib23] This BBB-penetrating system of endogenous proteins, called receptor-mediated transcytosis (RMT), may be utilized for delivery of intravenously administered proteins to the brain.[@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31] Indeed, intravenously injected humanized transferrin receptor (TfR)/β-secretase bispecific antibodies to non-human primates were shown to be distributed in the brain and to reduce amyloid-β,[@bib32] which accumulated in the brain of patients with Alzheimer's disease.[@bib33] For MPS II, the hIDS-fused humanized antibody against the insulin receptor (HIRMAb-IDS),[@bib34] and the fusion protein consisting of a mouse/rat chimeric monoclonal antibody against mouse TfR and hIDS (cTfRMAb-IDS)[@bib35] were shown to be distributed in the monkey and mouse brains, respectively. However, neither study reported a reduction in the pathological accumulation of GAGs in the brain or cerebrospinal fluid, which relate to the pathogenesis of the neurological defects observed in MPS II.[@bib36] Therefore, there is still an unmet medical need for patients with severe forms of MPS II. In the present study, we report the development of a novel BBB-penetrating hIDS, designated JR-141. JR-141 was distributed in the brain of mice and monkeys, and reduced GAG levels in the brain of a mouse model of MPS II.

Results {#sec2}
=======

Preparation of JR-141 and Its Binding to hTfR and hM6PR {#sec2.1}
-------------------------------------------------------

JR-141 is a recombinant fusion protein, produced by Chinese hamster ovary (CHO) cells, consisting of a humanized anti-hTfR antibody and hIDS. In this protein, hIDS is fused at its N terminus with the Fc domain of the antibody ([Figure 1](#fig1){ref-type="fig"}A; see the [Materials and Methods](#sec4){ref-type="sec"} for a detailed description). The affinity of JR-141 for TfR was first determined using biolayer interferometry. JR-141 exhibited a concentration-dependent binding to the extracellular domain of human and monkey TfRs with dissociation constant (K~D~) values of 1.22 × 10^−10^ M and 8.65 × 10^−10^ M, respectively ([Figure 1](#fig1){ref-type="fig"}B). We confirmed that JR-141 does not bind mouse TfR. Since the target epitope in hTfR recognized by the anti-hTfR antibody used in the fusion protein was distant from the transferrin binding site, JR-141 did not interfere with the binding of transferrin to the receptor. The affinity of JR-141 for the extracellular domain 9 of human M6PR was also determined because it has been known that lysosomal proteins are transported into cells mediated by this receptor and that the domain 9 binds M6P with a high affinity.[@bib37] The K~D~ value of the binding of JR-141 to human M6PR was 9.22 × 10^−9^ M, while that of the naked hIDS (without fusion with the anti-hTfR antibody) was 4.08 × 10^−9^ M ([Figure 1](#fig1){ref-type="fig"}B). We did not measure the affinity of the naked hIDS for TfR because it is assumed not to bind TfR.Figure 1Binding Affinities of the anti-hTfR Antibody-Fused hIDS for TfRs and Human hM6PR(A) Schematic representation of JR-141, an anti-hTfR antibody-fused hIDS used in this study. (B) Affinity of JR-141 for human and monkey TfRs and human M6PR. Affinity of naked hIDS for human M6PR is also shown (mean ± SD, n = 3). k~on~, association rate constant; k~off~, dissociation rate constant; K~D~, equilibrium dissociation constant.

Incorporation of JR-141 into Human Fibroblasts {#sec2.2}
----------------------------------------------

To confirm that JR-141 undergoes receptor-mediated uptake into cells, we tested the cellular uptake of JR-141 using CCD-1076Sk normal human fibroblasts in culture. Various concentrations of JR-141 or the naked hIDS were added to the culture medium, and the intracellular concentrations of the protein were determined by electrochemiluminescent immunoassay using the anti-hIDS monoclonal antibody. As a result, JR-141 and hIDS were detected in the cells in a concentration-dependent manner ([Figure 2](#fig2){ref-type="fig"}A). In the presence of an excess amount of M6P, the uptake of JR-141 showed only a minor increase during the incubation period ([Figure 2](#fig2){ref-type="fig"}B), suggesting that the uptake into the fibroblasts was largely dependent on M6PR. The uptake was also reduced by the addition of the humanized hTfR monoclonal antibody, although the inhibition was minor ([Figure 2](#fig2){ref-type="fig"}B), probably due to low expression of TfR in CCD-1076Sk fibroblasts. These results indicate that the hTfR antibody-fused hIDS enzyme JR-141 is incorporated into the cells through hTfR as well as M6PR.Figure 2The Receptor-Mediated Incorporation into Fibroblasts(A) Concentration-dependent incorporation of JR-141 or naked hIDS into CCD-1076Sk human fibroblasts determined by electrochemiluminescent immunoassay using the anti-hIDS monoclonal antibodies. The incubation time was 20 hr. The values were normalized by the amount of total cellular protein (mean ± SD, n = 3). (B) Inhibition of JR-141 incorporation by M6P (10 mM) or the humanized anti-hTfR monoclonal antibody (400 μg/mL). The concentration of the drugs used in this experiment was 20 μg/mL. The calculated molecular weights (without sugar chains) of JR-141 and naked hIDS are 265,110.93 and 59,274.99, respectively.

Pharmacokinetics and Brain Distribution of JR-141 in Mice {#sec2.3}
---------------------------------------------------------

We next examined the pharmacokinetics of JR-141 in mice. Because the humanized anti-hTfR antibody that was used in JR-141 cannot react with mouse TfR, we produced mice bearing a knockin allele of the human transferrin receptor (*TFRC*) gene (*TFRC*-KI mice) ([Figure S1](#mmc1){ref-type="supplementary-material"}; [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}). When the same amount (1 mg/kg) of JR-141 or naked hIDS enzyme was intravenously administered to the knockin mice, the concentrations of plasma JR-141 were higher than those of the naked enzyme ([Figure 3](#fig3){ref-type="fig"}A; [Table S1](#mmc1){ref-type="supplementary-material"}). The concentrations of JR-141 in the heart, kidney, liver, lung, and spleen are shown in [Figure S2](#mmc1){ref-type="supplementary-material"}. Notably, JR-141, but not the naked hIDS enzyme, was detectable in the homogenates of the brains of *TFRC*-KI mice throughout the test period ([Figure 3](#fig3){ref-type="fig"}B), and the immunoreactivity of JR-141 was found in the brain ([Figures 3](#fig3){ref-type="fig"}C and [S3](#mmc1){ref-type="supplementary-material"}A). We determined the concentrations of JR-141 in the brain parenchyma and capillaries separately and confirmed that the drug was distributed in the parenchyma of the brain ([Figures S3](#mmc1){ref-type="supplementary-material"}B and S3C). The concentration of JR-141 in the parenchyma increased as its level decreased in the capillaries ([Figures S3](#mmc1){ref-type="supplementary-material"}B and S3C), suggesting that the drug penetrates the BBB into the brain parenchyma over time. The ratio of the concentration of JR-141 in the parenchyma and that in the capillaries was approximately 1:10. The results of *in vivo* and *ex vivo* imaging also showed the distribution of JR-141 in the brain ([Figures 3](#fig3){ref-type="fig"}D and 3E).Figure 3Distribution of JR-141 in *TFRC*-KI Mice after Intravenous Administration(A and B) Pharmacokinetics of JR-141 and naked hIDS in the plasma (A) and the brain homogenates (B). Either JR-141 or the naked enzyme was intravenously administered at a dose of 1 mg/kg. The concentrations of these recombinant proteins were determined by electrochemiluminescent immunoassay (mean ± SD, n = 3; \*p \< 0.05, \*\*\*p \< 0.001, t test). Concentrations of the naked hIDS in the brain were incidentally detected at low level in only one animal 1 hr after administration. Statistical analysis was performed using the lower limit value of detection for other animals and other time points. See [Table S1](#mmc1){ref-type="supplementary-material"} for detailed pharmacokinetic parameters with moment analysis and [Figure S2](#mmc1){ref-type="supplementary-material"} for distribution of JR-141 and hIDS in peripheral tissues. (C) Immunohistochemical analysis in the brain of *TFRC*-KI mice 24 hr after intravenous injection of JR-141 or naked hIDS. Arrows indicate Purkinje cells. Scale bars, 20 μm. (D) *In vivo* imaging of the mice using IVIS Lumina III. Images were acquired at 24 hr after intravenous injection of JR-141 or hIDS. (E) *Ex vivo* imaging of resected brains after saline perfusion. Color bars indicate radiant efficiency (\[p/s/cm^2^/sr\]/\[mW/cm^2^\]).

Pharmacokinetics and Brain Distribution of JR-141 in Monkeys {#sec2.4}
------------------------------------------------------------

To extend the findings obtained from the mouse study to primates, we performed a pharmacokinetic study in cynomolgus monkeys (*Macaca fascicularis*). As shown in [Figure 1](#fig1){ref-type="fig"}B, JR-141 bound to monkey TfR, as well as to hTfR. When JR-141 was intravenously injected at a dose of 5 mg/kg body weight (BW) to monkeys, the half-life of JR-141 in the plasma was 4.69 hr ([Figure 4](#fig4){ref-type="fig"}A; [Table S2](#mmc1){ref-type="supplementary-material"}), which was comparable to that in mice. JR-141 was also detected in the peripheral tissues, such as the heart, kidney, liver, lung, and spleen ([Figure 4](#fig4){ref-type="fig"}B). Importantly, measurable amounts of JR-141 were found in the homogenates of the cerebral cortex, cerebellum, hippocampus, and spinal cord ([Figure 4](#fig4){ref-type="fig"}C). In addition, immunohistochemistry of the brain showed that JR-141 was found in Purkinje cells in the cerebellum and pyramidal cells in the hippocampus ([Figures 4](#fig4){ref-type="fig"}D, 4E, and [S4](#mmc1){ref-type="supplementary-material"}), which play important roles in motor control, cognitive function, and memory.[@bib38] These results provide evidence that JR-141 penetrates the BBB and is distributed into the parenchyma of the brain of non-human primates.Figure 4Distribution of JR-141 in Cynomolgus Monkeys after Intravenous Administration(A) Pharmacokinetics of JR-141 in the plasma of the monkey. JR-141 was administered intravenously at a dose of 5 mg/kg (0--8 hr, n = 4; 12 and 24 hr, n = 2). Data were plotted as mean ± SD. Detailed pharmacokinetic parameters are presented in [Table S2](#mmc1){ref-type="supplementary-material"}. (B and C) Concentrations of JR-141 in the peripheral tissues (B) and the brain and spinal cord (C). The heart, kidney, liver, lung, spleen, cerebral cortex, cerebellum, hippocampus, and spinal cord were resected. JR-141 in each tissue homogenate was quantified by electrochemiluminescent immunoassay (n = 2). Bars indicate the mean. (D) Immunohistochemical analysis of the cerebellum. Arrows indicate Purkinje cells. (E) Immunohistochemical analysis of the hippocampus. Arrows indicate the pyramidal cells. The brains were resected at 8 hr after the administration. Scale bars, 20 μm.

Reduction of Brain GAG Levels by Intravenous Administration of JR-141 in MPS II Mice {#sec2.5}
------------------------------------------------------------------------------------

Finally, to elucidate the efficacy of JR-141, we generated *TFRC*-KI mice lacking *Ids*, the gene responsible for the pathogenesis of MPS II, by crossbreeding *TFRC*-KI mice with *Ids*-knockout (KO) mice.[@bib39] JR-141 was intravenously administered to the *TFRC*-KI/*Ids*-KO double-mutant mice at a dose of 1, 3, or 10 mg/kg once a week for 4 weeks, and the concentrations of GAGs in the peripheral tissues tested and in the brain were measured. Both JR-141 and the naked hIDS enzyme reduced GAG levels in peripheral tissues including the heart, kidney, liver, lung, and spleen, and the efficacy in these tissues by the hIDS at 0.5 mg/kg was similar to that of JR-141 at 1 or 3 mg/kg ([Figure 5](#fig5){ref-type="fig"}; [Table S3](#mmc1){ref-type="supplementary-material"}). This may reflect the fact that 1 mg of JR-141 contains a similar mol amount of IDS enzyme to 0.5 mg of the naked hIDS. Although the naked hIDS (0.5 mg/kg) failed to decrease GAGs in the brain, JR-141 at a dose of 1 mg/kg partially, but significantly, suppressed the accumulation of GAGs in the brain. JR-141 at a dose of 3 mg/kg reduced the GAG level in the brain of *TRFC*-KI/*Ids*-KO mice to a level found in wild-type (WT) mice ([Figure 5](#fig5){ref-type="fig"}; [Table S3](#mmc1){ref-type="supplementary-material"}). Our data suggest that JR-141 normalizes the metabolism of GAGs in both the brain and the peripheral tissues of the mouse model of MPS II.Figure 5Reduction in Accumulation of GAGs by JR-141 in the Brain and the Peripheral Tissues of *TFRC*-KI/*Ids*-KO Double-Mutant MiceJR-141 was intravenously administered to the mice at a dose of 1, 3, or 10 mg/kg BW once a week for 4 weeks. GAGs were quantified 1 week after the final dosing in the resected brain, heart, kidney, liver, lung, and spleen. Values are expressed as % accumulation when mean GAG levels in the WT mice were considered to be 0% and those in *Ids*-KO mice were considered to be 100%. Bars indicate the mean for each group (n = 4). \*\*p \< 0.01 by Dunnett test (*Ids*-KO versus JR-141 groups) and ^\#\#^p \< 0.01 by Student's t test (*Ids*-KO versus hIDS groups). N.S., not significant. The absolute values of the concentration and detailed statistical analysis between groups are presented in [Table S3](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

We developed a novel BBB-penetrating enzyme, JR-141, for the treatment of patients with MPS II with CNS disorders and showed that JR-141 crossed the BBB into the brain parenchyma of both mice and monkeys. Intravenously injected JR-141 reduced the accumulation of GAGs in the brain of MPS II model mice.

Impairment of metabolism of heparan sulfate, a major type of sulfated GAGs, leads to the accumulation of gangliosides, resulting in neurological defects, possibly through multiple mechanisms, including hyperphosphorylation of tau protein, endoplasmic reticulum stress, and increased autophagy.[@bib40], [@bib41], [@bib42] Normalization of GAG metabolism in the brain is likely to prevent the development or progression of CNS symptoms. Indeed, direct (i.e., intraventricular or intrathecal) administration of hIDS to the brain of model animals reduced the storage of GAGs and improved neurological function.[@bib39], [@bib43], [@bib44]

Recently, a clinical study has been conducted for direct delivery of hIDS to the brain,[@bib45] in which cognitively impaired patients with MPS II were treated with recombinant hIDS via an indwelling intrathecal drug delivery device. In that study, although the concentration of GAGs in the cerebrospinal fluid was reported to be reduced by 80%--90%, depending on the dose, after 6 months, 75% of patients experienced adverse events related to the device.[@bib45] Therefore, the use of direct delivery of the drug to the brain is limited in clinical settings due to its invasiveness and safety concerns. Moreover, the patients were required to continue intravenous hIDS injection as well for the treatment of peripheral defects even after the intrathecal administration of hIDS.[@bib45]

In general, one of the obstacles in the evaluation of the feasibility of antibody-based recombinant proteins for clinical use is that humanized antibodies often have lower affinity against their target molecules in the test animals than in humans. Since JR-141 is not recognized by mouse TfR, we cannot examine the efficacy of this protein in WT mice. The anti-mouse TfR antibody fusion enzyme could be used as a surrogate molecule for JR-141. Indeed, anti-mouse TfR antibody-fused hIDS (cTfRMAb-IDS) has been reported to be distributed in the brain and spinal cord.[@bib35] However, the properties of the surrogate molecule are not identical to those of the real drug candidate. We have overcome this obstacle by establishing and utilizing *TFRC*-KI/*Ids*-KO mice, in which the mouse *Tfrc* gene is replaced with the human *TFRC* gene and the *Ids* gene is lacking. So far, there is no other humanized anti-hTfR antibody-fused hIDS recombinant protein that inhibits the accumulation of GAGs in the brain of MPS II model animals.

Besides TfR, the insulin receptor represents another potential target for BBB-penetrating drug technology. In fact, anti-human insulin receptor antibody-fused enzymes including α-L-iduronidase (HIRMAb-IDUA),[@bib46], [@bib47] IDS,[@bib34] N-sulfoglucosamine sulfohydorase,[@bib48] and α-N-acetylglucosaminidase[@bib49] have been under development for the treatment of MPS I (Hurler syndrome), MPS II, MPS IIIA, and IIIB (Sanfilippo syndromes A and B), respectively. These drugs may have agonistic or antagonistic effects on the human insulin receptor, which raises concern regarding perturbation of glycemic control in the patients, though a non-clinical study in monkeys showed that chronic treatment of HIRMAb-IDUA did not affect glucose tolerance.[@bib47]

Based on the present results, we reason that JR-141 crosses the BBB by utilizing RMT of transferrin and is distributed to the parenchyma of the brain, although the exact mechanism of the delivery remains to be elucidated. In addition, we need to confirm the efficacy of JR-141 on neurological functions, such as learning and memory, in MPS II model animals in a future study. Nevertheless, the present findings provide a proof of concept for translation of JR-141 to clinical study and show the feasibility of the use of JR-141 as a convenient and minimally invasive therapy for patients with MPS II with CNS manifestations. A phase I/II clinical trial of JR-141 for MPS II is currently underway. The anti-hTfR antibody-based strategy for delivery of drugs into the brain could be applicable to other neurologic diseases, provided that the antibody has appropriate binding properties for hTfR.

Materials and Methods {#sec4}
=====================

Antibodies {#sec4.1}
----------

A horseradish peroxidase (HRP)-conjugated monkey adsorbed anti-human immunoglobulin G (IgG) antibody was purchased from Bethyl Laboratories (A80-319P, Montgomery, TX). An anti-hIDS polyclonal antibody raised in rabbits against recombinant hIDS, and an anti-hTfR monoclonal antibody raised in mice against the extracellular domain of hTfR were produced in house. Two different clones of anti-hIDS monoclonal antibodies used for the electrochemiluminescence assay were raised in mice against recombinant hIDS. One clone was a conjugate with SULFO-TAG using MSD GOLD SULFO-TAG NHS-Ester (Meso Scale Diagnostics, Gaithersburg, MD), and the other clone was labeled with biotin by NHS-PEO~4~-Biotin (Pierce, Rockford, IL).

Animals {#sec4.2}
-------

All animal experiments were performed with the approval of the Institutional Animal Care and Use Committees of JCR Pharmaceuticals and Shin Nippon Biomedical Laboratories (Kagoshima, Japan). The establishment of *Ids*-KO mice in a C57BL/6 background was described previously.[@bib39] The mice exhibit symptoms similar to those of patients with MPS II,[@bib39] which warrants their use as a model of MPS II. The generation of *TFRC*-KI mice is described in [Figure S1](#mmc1){ref-type="supplementary-material"} and the [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}. To obtain *TFRC*-KI/*Ids*-KO double-mutant mice, *Ids*-KO mice were crossbred with *TFRC*-KI mice. C57BL/6 mice were purchased from Charles River Japan (Yokohama, Japan). Monkey experiments were performed in Shin Nippon Biomedical Laboratories.

Preparation of the Humanized anti-hTfR Antibody-Fused hIDS Protein (JR-141) {#sec4.3}
---------------------------------------------------------------------------

JR-141 is a recombinant fusion protein resulting from the binding of hIDS to a humanized anti-human TfR antibody with the IgG1 subclass and is a hetero-tetramer glycoprotein. The antibody moiety comprises the complementarity-determining region of a mouse anti-human TfR monoclonal antibody, a variable region consisting of the human γ1 chain or κ chain framework region and their constant regions. One N-binding sugar chain is present in the Fc region of the antibody. The enzyme moiety is hIDS, having eight N-binding sugar chains ([Figure S5](#mmc1){ref-type="supplementary-material"}). The calculated molecular weight of JR-141 is 265,110.93. The fusion protein was produced by introducing into CHO cells a cDNA consisting of hIDS and humanized anti-human TfR antibody. The CHO cells were cultured with a serum-free medium, and proteins released into the culture medium were collected and subjected to virus inactivation, followed by a multi-step chromatographic purification and virus removal. The homogeneity was determined by SDS-PAGE and size-exclusion high-performance liquid chromatography.[@bib50] The naked hIDS enzyme was also produced by CHO cells. Enzyme activity of JR-141 and the naked enzyme were determined using 4-methylumbelliferyl-sulfate (Sigma-Aldrich, St. Louis, MI) as a substrate. These recombinant proteins were stored in sterile vials at −80°C until use.

Affinity of JR-141 against TfR and M6PR {#sec4.4}
---------------------------------------

Affinity between JR-141 and TfR was determined with Bio-Layer Interferometry using the Octet RED96 system (Pall ForteBio, Fremont, CA). Various concentrations of JR-141 in HBS-P+ buffer (10 mM 2-\[4-(2-hydroxyethyl)-1-piperazinyl\]ethanesulfonic acid \[HEPES\], 150 mM NaCl, 50 μM EDTA, and 0.05% Surfactant P20) containing 1% BSA were added into a 96-well black microplate at a volume of 200 μL/well. Wells for baseline and dissociation measurements, as well as regeneration buffer (10 mM glycine-HCl \[pH 1.7\])-containing wells were also prepared. The plate was agitated at 1,000 rpm throughout the measurement. The recombinant proteins of the extracellular domain of TfR of human and cynomolgus monkey with N-terminal 6× His tag were immobilized onto a nitrilotriacetic acid (NTA) biosensor (threshold, 1.0) at the loading step. The association and dissociation periods were set at 120 s and 200--300 s, respectively. Kinetic constants were calculated from the sensorgram using the 1:1 (Langmuir) binding model of Octet Data Analysis Software.

Affinity between JR-141 and M6PR was determined with the surface plasmon resonance method using the Biacore T200 system. The recombinant protein of the domain 9 of human cation-independent M6PR fused with C-terminal 6× His tag (MPRdom9-His) was immobilized onto a Ni-NTA sensor chip at a low density (∼300 resonance units \[RU\]). Various concentrations of JR-141 in HBS-P+ were injected at 50 μL/min. Measurement was performed using the Single Cycle Kinetics mode (association time, 300 s; dissociation time, 180 s). Sensor surface was regenerated with the regeneration buffer (10 mM HEPES, 150 mM NaCl, 350 mM EDTA, and 0.05% Surfactant P20). Kinetic constants were calculated from the sensorgram using the 1:1 (Langmuir) binding model of Biacore T200 Evaluation Software v3.0.

Incorporation of JR-141 into Human Fibroblast Cells {#sec4.5}
---------------------------------------------------

CCD-1076Sk normal human fibroblasts (DS Pharma Biomedical, Osaka, Japan) were seeded onto 96-well plates at a density of 2.0 × 10^4^ cells/well and cultured for 3 days. Various concentrations of JR-141 were added to the culture medium and incubated at 37°C for 20 hr. The cells were lysed with M-PER (Pierce) containing 0.5% Protease Inhibitor Cocktail (Sigma-Aldrich) after being washed with ice-cold PBS, and the extracts were mixed with the biotin-labeled anti-hIDS monoclonal antibody and another clone of the SULFO-TAG-labeled anti-hIDS monoclonal antibody. The reaction mixtures were then added to a streptavidin-coated plate, and the intensity of electrochemiluminescence was quantified by Sector Imager 6000 (Meso Scale Diagnostics, Rockville, MD). The values were normalized by the total cellular protein content determined by the bicinchoninic acid protein assay method. Inhibition of receptor-mediated uptake was examined in the presence of 10 mM M6P or 400 μg/mL humanized anti-hTfR monoclonal antibody.

Pharmacokinetics in *TFRC*-KI Mice {#sec4.6}
----------------------------------

JR-141 or naked hIDS enzyme was administered to *TFRC*-KI male mice (12--24 weeks of age) at a dose of 1 mg/kg BW. Blood samples were collected under isoflurane anesthesia from the left ventricle of each mouse at 15 min and at 1, 4, 8, and 24 hr after dosing, and the plasma was obtained by centrifugation with EDTA-2K (n = 3 at each time point). After the blood samples were collected at each time point, mice were perfused with physiological saline via the left ventricle, and then the brain, heart, liver, kidney, lung, and spleen were removed. The resected tissues were homogenized using a bead beater-type homogenizer in a buffer containing the Protease Inhibitor Cocktail and subjected to centrifugation to obtain the tissue lysate as a supernatant. JR-141 was quantified with a validated in-house electrochemiluminescent assay system ([Figure S6](#mmc1){ref-type="supplementary-material"}). In brief, the samples were mixed with the biotin-labeled anti-human IgG light-chain antibody (for plasma JR-141) or the biotin-labeled anti-hIDS monoclonal antibody (for the naked hIDS and tissue JR-141) and another clone of the SULFO-TAG-labeled anti-hIDS monoclonal antibody and incubated at room temperature for 1 hr. Subsequently, the reactions were added to a pre-blocked streptavidin-coated plate, settled for 1 hr, and the intensity of electrochemiluminescence was quantified by Sector Imager 6000 (Meso Scale Diagnostics). Pharmacokinetic parameters were calculated with moment analysis.

Immunohistochemistry in *TFRC*-KI Mouse Brain {#sec4.7}
---------------------------------------------

The resected brain was embedded in optimum cutting temperature (OCT) compound, and 4-μm frozen sections were obtained. The sections were fixed with 4% paraformaldehyde, blocked with SuperBlock (PBS) blocking buffer for 1 hr, and reacted with the anti-hIDS antibody for 4 hr, and then with CSA II Rabbit Link for 15 min. The sections were reacted with the TSA Plus Fluorescein System (Perkin Elmer, Waltham, MA) for 15 min. Subsequently, the specimens were incubated with the HRP-conjugated anti-fluorescein antibody for 15 min and visualized with 3,3′-diaminobenzidine. Counter staining was performed with hematoxylin.

To estimate the ratio of the concentration of JR-141 in the parenchyma and that in the capillary, the brain was gently homogenized in Hank's balanced salt solution containing 18% dextran with a protease inhibitor cocktail (Sigma-Aldrich) using a glass homogenizer, and the homogenates were centrifuged at 5,400 × *g* for 15 min. The supernatant containing the brain parenchymal lysate was removed from the pellet and subjected to quantification of JR-141. The pellet containing the brain capillary was solubilized with a RIPA buffer (Wako Pure Chemical, Osaka, Japan). The concentration of JR-141 was determined as described above.

*In Vivo* and *Ex Vivo* Imaging Using IVIS {#sec4.8}
------------------------------------------

XenoLight CF750 (Caliper, Arcade, NY) labeling was carried out according to the manufacturer's instructions. In order to equalize protein concentrations and fluorescent intensities between JR-141 and naked hIDS, labeled and unlabeled test substances were properly mixed. These test substances (5 mg/kg) were administered intravenously to *TFRC*-KI mice. Whole-body (*in vivo*) fluorescent images were captured with IVIS Lumina III (Perkin Elmer) before dosing, and at 24 hr after dosing, under anesthesia. Mice were then perfused with physiological saline, and the brains were resected and subjected to *ex vivo* imaging.

Monkey Studies {#sec4.9}
--------------

To study the pharmacokinetics in monkeys, JR-141 was administered intravenously to male cynomolgus monkeys (2--3 years of age) at a dose of 5 mg/kg BW. The blood samples were obtained at 20 min, and at 1, 2, 3, 4, 6, 8, 12, and 24 hr after administration (0--8 hr, n = 4; 12 and 24 hr, n = 2). At 8 and 24 hr after dosing, whole-body perfusion was performed in monkeys that received 5 mg/kg of the drug with physiological saline, and the brain, spinal cord, heart, kidney, liver, lung, and spleen were resected. The concentration of JR-141 in each tissue was determined by the method used in the mouse study.

For immunohistochemical analysis, the brains were resected at 8 hr after drug administration and embedded in OCT compound, and 4-μm frozen sections were obtained. The sections were fixed with 4% paraformaldehyde, and immersed in 0.3% H~2~O~2~/methanol solution to inactivate endogenous peroxidase activity, blocked with skim milk containing 0.05% Tween 20 for 2 hr, and reacted with the monkey adsorbed HRP-labeled human IgG antibody (Bethyl) for 2 hr and then with Amplification Reagent of the CSA II biotin-free tyramide signal amplification system (Dako) for 30 min. Subsequently, the specimens were incubated with the HRP-conjugated anti-fluorescein antibody for 15 min and visualized with 3,3′-diaminobenzidine. Counter staining was performed with hematoxylin.

Measurement of GAGs in *TFRC*-KI/*Ids*-KO Mice {#sec4.10}
----------------------------------------------

JR-141 was intravenously administered to the *TFRC*-KI/*Ids*-KO double-mutant mice (male, 18--32 weeks of age) at a dose of 1, 3, or 10 mg/kg BW once a week for 4 weeks (n = 3--4). One week after the final dosing, tissues were resected and lyophilized. Small pieces of the lyophilized tissues cut with scissors were suspended in 0.5 M Tris-HCl buffer (pH 7.5) and digested with actinase E (Kaken Pharmaceuticals, Osaka, Japan) at 60°C for 16 hr. The digests were centrifuged, and the supernatants were collected. The concentration of sulfated GAGs in the tissue extracts was determined with the Wieslab sGAG quantitative kit (Euro Diagnostica, Arnhem, the Netherlands), according to the manufacturer's instructions.

Statistics {#sec4.11}
----------

Data are expressed as means and SDs. The statistical analysis was conducted with the SPSS Statistics software (IBM, Armonk, NY). Student's t test was used to compare differences between two groups, and Dunnett's test was used to compare differences among three or more groups. p values \< 0.05 were considered to indicate statistical significance. No statistical method was employed for immunohistochemistry.
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